The sustainable supply of timber is one of the most important forest ecosystem services and a decisive factor determining the long-term profitability of forest enterprises. If timber production is to be economically viable, there must always be a way to analyse forest stands and trees felled for exploitation with regard to the wood assortments they contain. Only then can the expected timber yields, achieved by various silvicultural strategies or actions and different sorting options, be quantified with sufficient accuracy. The SorSim assortment simulator was developed for forest practitioners and forest scientists in Switzerland to realistically simulate the sorting of individual trees and entire forest stands based on defined specifications. SorSim has a simple user interface and comes in a number of different language versions (G, E, F). The software is implemented in Java, making it platform-independent. It can be downloaded for free at (https://www.wsl.ch/en/projects/sortimentsimulator-sorsim.html). This article provides an overview of how the simulator works and demonstrates its potential applications based on a practical and a scientific example. A particular practical advantage is that the composition of the assortments of the planned harvests can be estimated according to quantity and value. When used in strategic planning and especially in research, SorSim provides a basis for analysing either long-term developments in yields from forest stands or silvicultural treatment methods. Based on an even-aged and a selection forest stand, the scientific example shows how strongly the assessment of the advantageousness of two different silvicultural strategies depends on the time when the calculation was made (using historical and current assortment revenues and timber harvesting costs). In particular, the combination of SorSim with timber harvest productivity models enables differentiated forest economic insights. Various approaches for value-based optimisation in the sorting of individual trees and for the optimal allocation of harvesting activities to defined customer demands are currently being examined as further SorSim developments.
Introduction
Sustainable timber production, along with all other ecosystem services that forests provide to society, remains an important forest management objective (Forest Europe 2015 , EASAC 2017 . Furthermore, timber provision is the most important source of revenue for forest enterprises: sufficient provision guarantees their favourable long-term economic performance, which in turn enables them to provide a wide range of other important ecosystem services (Rigling and Schaffer 2015, Bürgi et al. 2018 ). However, economic efficiency presupposes the selection of appropriate, cost-effective timber harvesting methods and, at the same time, the adoption of silvicultural strategies that deliver the products in demand.
Consequently, the precise forecasting of costs and revenues from forest managements pursuing different strategies is a prerequisite for optimising the mid-and long-term planning of efficient timber production (Möhring 2010 , Hanewinkel et al. 2014a , Härtl et al. 2016 , Blattert et al. 2017 ). There are various economic methods in forestry for assessing the long-term economic viability of different silvicultural treatment strategies and timber harvesting measures. Many of these methods are derived from the field of investment planning (Klemperer 1996 , Navarro 2003 , such as the net present value (NPV) method (Fürstenau et al. 2007 , Seidl et al. 2007 , Pukkala 2016 , the land expectation value (LEV) method or Faustmann formula (Hanewinkel et al. 2010 , Hanewinkel et al. 2013 , Nölte et al. 2018 , and the annuity method (Möhring and Rüping 2008 , Hanewinkel et al. 2014a ). However, the economic viability of any harvesting activity also has to be accurately calculated within the framework of short-term planning. Such a preliminary calculation also provides a solid basis for forest owners' negotiations with timber harvesting service providers and timber buyers, as well as for controlling timber transport.
In both long-term and short-term forest management planning, the costs of timber harvesting and the revenues from marketable products need to be quantified using models. This pre-costing covers three areas:
Þ estimating the quantity of timber harvested per tree species and timber assortment Þ determining timber revenues for the expected products and quantities Þ deriving timber harvesting costs for the underlying conditions (i.e. topography, harvesting regime). In Switzerland, there are computer based models for calculating timber harvesting costs (point 3), including the timber harvesting productivity model HeProMo 1 (Frutig et al. 2009 ). The marketable products can be determined by estimating the potential assortments (point 2) in individual trees. Particularly suitable for this purpose are IT-supported models which, based on just a small amount of information, such as tree species, diameter at breast height (DBH) and age (or height), simulate the stem forms of individual trees, match trees with given assortments and determine their volumes. In Germany, instruments already exist for this purpose and are implemented with the models Holzernte 8.1 (FVA 2013) and Wald-Planer (Hansen and Nagel 2014) . In addition, the Sor-Sim 2.0 assortment simulator is now available in Switzerland for this purpose. SorSim is a software for practitioners and can be used in other applications to calculate freely definable assortments for different tree species and the expected timber revenues. The software was developed at the Swiss Federal Institute for Forest, Snow and Landscape Research (WSL). A first prototype of the SorSim assortment simulator was designed and implemented by Lemm and Erni (2009) . In 2012 it was reimplemented in Java as version 2.0 (Holm et al. 2012) . SorSim now supports the display languages German, French and English. The user manual provides a detailed description of all its functions and the underlying calculation methods (Holm et al. 2012) .
This article has two aims. The first is to describe the fundamentals and the methodological concept of Sor-Sim. This includes the description of the required input data, methods for modelling the stem form, criteria and requirements for dividing the stem and recording its quality and revenues, and algorithms for classifying the stem into assortments. The second aim is to demonstrate how SorSim can be applied in both practice and research. The practical example shows how a list of trees can be sorted and analysed to determine the assortments of each individual tree. The research example uses two experimental plots (an evenaged stand and a selection stand) to analyse how strongly an assessment of the advantages and disadvantages of two different silvicultural strategies depends on the time at which the evaluation is made. Based on historical and current cost approaches, timber prices and harvesting productivity, the profitability of an even-aged stand is compared with that of a selection stand.
Material and Methods

How Does the Assortment Simulator Work?
Basic Method
With the SorSim assortment simulator, a list of trees can be sorted into marketable assortments according to a range of specifications. A gross timber revenue can thus be calculated on the basis of quality percentages and timber prices.
The classification of a given tree into assortments takes place at the stem base, starting with a variable stump height (default = 30 cm). The algorithn then checks whether an assortment has the required midor top-diameter specifications. Assortments are assigned in the order set out in the selected sorting strategy, usually taking the strongest and most valuable assortments first. Consequently, SorSim does not yet optimise the value of an entire forest stand. Once a suitable position for an assortment is found, the volume of the piece is determined. Incremental attempts are made (e.g. in 50 cm steps) to lengthen the assortment as much as possible within the limits of its defined dimensions. Next, the resulting assortment is processed and, taking into account any additional length, a new position on the stem is marked for the next assortment.
SorSim currently designates all parts of the tree unsuitable for use as stem wood (e.g. tree crown). Owing to their expansive crowns, deciduous trees are only divided into saw wood up to the base of the crown. The crown base for the different tree species is calculated according to Döbbeler (2002) . The volume determination of the tree stem is based on the rotational body of the stem form around its vertical axis. A cubic spline interpolation can be used to model the stem form based on the solid empirical database of almost 40,000 individual trees measured in the Swiss National Forest Inventory (NFI) (Brassel and Lischke 2001) . The input variables are tree height, tree species, diameter at breast height (DBH) and diameter at a height of 7 m (d7m). If measured values are not available, d7m can alternatively be calculated based on the form quotient d7m/DBH derived from NFI surveys. This very precise spline function was used in the following examples. Another option would be to use the stem form function described by Lemm (1991) . This function models the stem form of trees using species and DBH as the only attributes, according to Grundner and Schwappach (1952) . Bark functions are based on investigations by the Forest Research Institute of Baden-Württemberg (FVA) (Altherr 1974) . The functions described by (Badoux 1979) are finally used to deduce the volume of bark.
The assortment specifications used to classify trees are currently based on the Swiss assortment guidelines for raw timber (Table 1) (Waldwirtschaft Schweiz 2010). These classes can be modified in the assortment specification file. Furthermore, the maximum top diameter up to which round timber is sorted can be set, as well as the minimum diameter below which stem sections are to be designated as class zero (for energyrelated or material use). However, alongside the assortment specifications for Switzerland, it is also a simple matter to implement other country-specific assortment guidelines for raw timber.
The assortment prices and quality proportions per assortment specified in the model can also be amended as required. The specified assortment prices currently set as default values are based on prices recommended in Switzerland in the forest year 2017/2018. Quality proportions are based on empirical values from the WSL research forest at Wagenrain (in the canton of Aargau) (Rosset et al. 2009 ). Timber revenues from each tree are calculated based on each assortment quantity, price and quality proportion.
User Interface
On the main screen of SorSim, the »Fit assortment in tree list« sub-application consists of the panels »Tree list«, »Timber assortment specification«, »Expression of results« and »Summary of the results« ( Fig. 1 ). Based on the required input variables, the stem forms of a set of trees are modelled and divided into a set of assortments. In the »Tree list« panel, a list of trees is entered as input from a CSV file. This is where individual trees are listed, along with their DBH and, if known, height and d7m. In the »Timber assortment specification« panel, the classification criteria are defined in an external CSV file, in line with country-specific requirements. The main criteria used for dimension sorting are stem length and mid-and top-diameter. The assortment list is created in the »Expression of results« submenu ( Fig.  1) . By ticking the »Write generated assortment list to the following output file« check box, assortments can be exported in CSV format to a freely chosen output file. A summary of the assortments is displayed in the text box in the »Summary of the results« panel. Further details can be found in the user manual (Holm et al. 2012) . Table 1 Assortment specifications implemented in SorSim currently consider the Swiss assortment guidelines for raw timber (Waldwirtschaft Schweiz 2010). The timber is mainly categorised according to its dimensions, based on the mid-diameter of the cut trees. Tree lengths are classified into: short timber L1 (3.0-6.0 m), medium-long timber L2 (6.5-14.5 m) or long timber L3 (15.0-22.0 m). Deciduous wood is only classified as short timber L1 
Typical Applications and Database
The following two examples of applications from forest practice (Section 2.2.1) and research (Section 2.2.2) demonstrate possible use cases of SorSim.
Example 1 -Tree-List-Pased Sorting
In this first example of a SorSim use case, assortments and their corresponding revenues were calculated based on the tree list of a scheduled harvesting operation. A question frequently arising in practice is: Which assortments and gross harvesting revenues can be expected if a given stand of Norway spruce (Picea abies L.), silver fir (Abies alba M.), European beech (Fagus sylvatica L.) and European ash (Fraxinus excelsior L.) trees are harvested? The input data required by SorSim was a list of the stand to be harvested in which the trees to be felled were recorded, specifying their species and DBH.
In the »Fit assortment in tree list« sub-application, SorSim expects a list of trees to be divided into assortments ( Fig. 1) . Such a tree list is a csv file with a spe-cific structure (Fig. 2) . Comment lines always start with a »#« and are ignored by the application. Each tree to be assigned to an assortment is defined in a separate line. The file can contain an arbitrary number of comment lines and tree definitions.
Example 2 -Comparison of Selection Stands and Even-Aged Stands
The second example was a scientific analysis of strategic planning for two differently treated silvicultural stands. The optimal use of resources is a claim of the economic principle (Möhring 2010) and thus a question for which science can provide useful assistance in answering. The question in this example was: How does an area of selection forest differ from an area of even-aged forest in terms of assortment yield and net revenue as a function of distinct cost and revenue situations? There is currently no uniform picture of the conditions under which a selection stand can prove financially more successful than an even-aged high forest (Knoke 2009 ). Our research example cannot close this knowledge gap directly, but the results The research example was based on an extensive series of measurements taken at two experimental forest yield test sites in Switzerland: an even-aged stand and a selection stand. Table 2 displays the basic characteristics of both stands and other information relevant to their management.
The even-aged stand with an average volume increase of 18.5 m 3 a -1 ha -1 was situated on a more fertile site than the selection stand with an average volume increase of 9.7 m 3 a -1 ha -1 due to the sea level. The selection stand was first inventoried in 1928, the even-aged stand in 1888. In these two inventories, the DBH and tree height of the stand to be felled and of the remaining stand were recorded. SorSim used cubic spline interpolation to calculate the stem form of each tree, with and without bark, from the DBH, d7m and tree height (Brassel and Lischke 2001) . The trees were divided into assortments as short timber (L1), in line with the Swiss timber assortment guidelines (Waldwirtschaft Schweiz 2010).
In each case, the assortments and revenues of each stem were calculated for different tree species and at different inventory times. The harvest net revenues of the stand to be felled and of the remaining stand were ascertained based on the total yields of all trees and the timber harvesting costs incurred, which were calculated with HeProMo. This produced accurate overviews over 70 to 90 years of the stands existence and their management (even-aged or selection), based on measurements of single stems. Once the revenue and cost situations for the stands are calculated, they can be compared in terms of their economic efficiency, and the strategies for treating them can then be assessed. Niederer and Bill (2015) showed that nominal timber prices in 2015 were only half as high as they had been in 1969, whereas the labour costs for timber harvesting had doubled. Naturally, this has consequences for assessing the profitability of a silvicultural strategy. The analysis in this example also included an examination of how the assessment of the two strategies had changed between historical and modern-day considerations.
In the example, the regeneration costs for the evenaged stand in the first 15 years were assumed to be 4800 CHF ha -1 in 1969 and 24,000 CHF ha -1 in 2018, considering the costs for planting and tending. Due to the continuous natural regeneration, no planting costs were taken into account for the selection stand ( Table  2) . The nominal timber prices were defined per assortment for the year 2018 and the price and quality shares were based on the experience of a Swiss forest enterprise (Table 3 ). For the year 1969, the nominal timber prices were taken from the period 1919 to 2014 for Switzerland (average for short timber) (Niederer and Bill 2015) . The allocation of timber prices by assortment in 1969 was based on a proportionality factor that was derived from the nominal timber price of 2018. The nominal full costs for 1969 were taken from a time series (1966 to 2017) of a Swiss forest enterprise (Anon. 2018) and are compareable to those of Niederer and Bill 2015.
The cost of timber harvesting in 1969 was calculated using the older HeProMo models for »motormanual felling and processing« and »skidding« (Frutig et al. 2009 ). These models are based on data from the 1970s. By contrast, 2018 harvesting costs were calculated using updated HeProMo models based on data from 2014-2016. Harvesting of the even-aged stand would probably be fully mechanised in 2018, and thus the timber harvesting costs were also simulated using the HeProMo harvester and forwarder models. The
Fig. 2
Example of a list with trees that will be allocated into marketable products using the assortment simulator SorSim input variables for HeProMo were the proportions of tree species, mean tree volume, skidding distances and costs per hour for personnel and machinery.
The Net Present Value (NPV) was used to compare the sylviculatural strategies under the distinctive price and cost situations (Klemperer 1996) . The NPV depends on the selected discount rate, which assumes a temporal preference for cash flows and gives less importance to future events. For this example, the NPV was calculated for the discount rates of 1% and 3%. The starting point for the caculations was the time of stand establishment for the even-aged and the first inventory for the selection stand (Table 1) . For each stand, the NPV was calculated along the inventory time steps. 
Where:
NPV net present value P cost for planting and tending R timber revenue at inventory time step, t C harvesting cost at inventory time step, t LV liquidation value of stand at end of inventory, n i discount rate, 1%, 3%
Results and Discussion
Example 1: Tree-List-Based Sorting
The aim of the first example was to compute assortements and their corresponding revenues of a scheduled harvesting operation. Based on the csv file, which consists of a list of trees to be sorted, users can create their own graphics. Fig. 3a shows the diameter distribution of the tree list that was divided into as- sortments in the first example. As displayed in Fig. 3b , assortments were allocated as saw wood up to category 4 for beech and ash, and up to category 2 for softwood. The remainder was sorted as residual timber (category 0), used for energy wood. For deciduous species, stem wood was only sorted up to the crown base. Thus, for beech a considerable amount of timber ends up as energy wood. Only a few cubic metres of round timber fell into category 4 or 5. Roughly the same proportion of timber from ash trees fell into category 4. Most spruce timber fell into category 3 or 4, and most fir fell into category 2 or 3.
The calculated revenues indicate that conifer species can be expected to make a large contribution to the financial result (Fig. 3c) . The assortment simulator gives forest practitioners a way to designate assortments Table 1) according to their chosen sorting strategy, compare variants and improve the economic efficiency of timber use. The instrument efficiently determines this specific information.
Apart from the practical example described here, SorSim was also tested with three forest enterprises using specific harvesting activities. In most cases, these tests were situated in spruce-dominated forest stands. However, the tests also included stands of fir, larch, beech and other hardwood species. The expected assortments were calculated based on tree lists. After felling, the results of the timber inventory were compared with the calculations. Comparison of the final processed assortments with preliminary calculations from SorSim showed good correlation, though occasional deviations occurred for all tree species. In most instances, these cases could be explained by the history of the respective forest stand and its associated structural and qualitative consequences.
Example 2: Comparison of a Selection Stand and an Even-Aged Stand
The target of example two was an economic analysis of differently treated stands. When interpreting the results of this example, it should be noted that the value of the even-aged stand has accrued over a period of 96 years, as opposed to a period of just 85 years for the selection stand.
Figs. 4a and 4b
show the effects of sylvicaltural strategies and the distinctive revenues and cost situations and the NPV.
Þ In the year 1969, the NPV was clearly higher in the selection stand than in the even-aged stand, under both a discount rate of 1% and 3%. At a discount rate of 1%, the selection stand reached a value of 84,560 CHF ha -1 after 85 years. The corresponding value in the even-aged stand was 43,249 CHF ha -1 after 96 years. The selection stand further showed a continous increase right from the beginning, whereas the NPV of the even-aged stand remained almost constant until year 40.
Þ At a discount rate of 3%, the NPV reached a value of 34,896 CHF ha -1 after 85 years in the selection stand and a value of 3002 CHF ha -1 in the even-aged stand.
Þ Calculated with harvesting costs and revenues from 2018 (Fig. 4b) , the selection stand showed again higher NPVs. It reacheed a value of 23,460 CHF ha -1 at a discount rate of 1% after 85 years, whereas the even-aged stand recieved a value of -29,984 CHF ha -1 .
Þ At a discount rate of 3%, the selection stand showed a value of 9153 CHF ha -1 after 85 years and the even-aged stand reached a value of -28,649 CHF ha -1 .
Þ When comparing the 1% vs the 3% discounting rates for the even aged stand 2018, we can see the following: In the first years, the NPV with 1% discounting rate was much lower than that with 3%. However, in the second half of the period they approached and reached about the same level after 96 years. This can be explained by the fact that the afforestation was expensive and the first thinnings were not profitable. These deficits became less negative through higher discount rates. Towards the end of the period, however, the harvest net revenues from thinning and final cut became positive: these positive values were smaller with 3% discounting than with 1%. All in all, these effects canceled each other out.
Þ Nowadays, even-aged stands are harvested using highly mechanised and cost-effective methods whenever possible. The harvesting costs for harvesters and forwarders could be easily calculated thanks to HeProMo. Under the mechanised scenario, the NPV of the even-aged stand achieved a value of -10,564 CHF ha -1 at a 1% and a value of -24,026 CHF ha -1 at a 3% discount rate after 96 years. The modern rationalized harvesting methods therefore considerably improved the economic situation from -27,125 CHF ha -1 to -10,564 CHF ha -1 at 1% and from -28,649 CHF ha -1 to -24,026 CHF ha -1 at 3% discounting.
Þ While in the selection stand the mean stem volume per exploitation was 1-3 m 3 , in the evenaged stand it was less than 1 m 3 even in older stands. This of course had a significant effect on the costs and revenues of timber harvest.
Þ The net value at the end of the observation period showed striking differences (Table 4 ). The assets in the even-aged stand were concentrated in the final stock, which represents a high risk.
In the case of the selction stand, on the other hand, the increase in value was continuously harvested. The value of the stand was therefore relatively low. Overall, it is remarkable that the selection stand, although growing on a half as fertile site as the evenaged stand, still performed much better. The judgement, which stand is in advantage, has not changed with the nominal cost and revenue estimates of 1969 or 2018, nor with the discount rates. On the basis of this real life example, one could assume financial advantages of the selection stand over the even-aged stand, as found by Schütz et al. (2012) . An almost continuous profit is possible in selection stands, which gives their owners great flexibility. In comparison, even-aged stands in the high forest usually also incur regeneration costs. Moreover, even-aged stands are exposed to substantial risks. Knoke and Seifert (2008) show that nearly 50% of 100-year-old spruce stands do not survive. With each year that passes, the risk of the even-aged stand being damaged increases in the course of unforeseen events, e.g. windthrow or insect infestation (Knoke and Seifert 2008) . With all the advantages of selection stands, however, it should not be forgotten that only certain tree species (spruce, fir, beech, Douglas fir) can be considered for this strategy. Consequently, the selection system can only be applied in specific forest situations and regions of Switzerland or other countries.
It can be concluded that economic assessment is highly dependent on which cost and revenue approaches and which timber harvesting methods are used when making comparisons. The mechanisation of forest management has largely compensated increased harvesting costs and decreased timber prices. From today's perspective, the total value of even-aged stands compared to that of selection stands, at least As indicated here, the SorSim assortment model offers a way to efficiently simulate timber sorting over entire rotations, or production periods, to whatever level of detail is required for addressing complex economic issues. Thus, the results can form the basis for strategic and scientific considerations of profitability.
Challenges and Need for Further Research
More accurate forecasts of timber revenues, an economically important factor, usually require a large investigative effort in the forest stands that are planned to be harvested. In addition, the quality of timber in standing trees can only be estimated through considerable effort. Thus, the DBH distribution of the stand to be felled is a decisive variable for assessing possible timber revenues. Tree height and the choice of the form quotient d7m/DBH also plays an important role. In 2012-2013, WSL tested the accuracy of DBH, tree height and d7m/DBH estimated with the SorSim simulator, using data on spruce trees included in the NFI and data on various tree species gathered during forestry practice. For spruce trees, the estimated volumes were largely consistent with the NFI values (volume functions, individual tree values). By contrast, the Sor-Sim values obtained when the 'splines' stem form was applied were 10-15% lower than the yield table values presented by Badoux (1983) . When using the function described by Lemm (1991) , the estimated volume is roughly equivalent to that featured in the yield table.
The economic efficiency of selection forests compared to forests of even-aged trees has been investigated in numerous previous studies (see reviews by Hanewinkel (2002) and Knoke (2012) ). Unlike evenaged forests, selection forest stands are economically attractive because a large percentage of high-quality stem wood with large dimensions can be harvested from them. In addition, there is evidence that the risk of biotic and abiotic disturbances is comparatively low in selection forests, owing to their complex stand structure and the high stability of their individual trees (Dvorak and Bachmann 2001 , Hanewinkel 2001 , Hanewinkel et al. 2014b . Moreover, timber harvesting costs are lower for selection forests because of the piece mass law (despite the limited possibility of mechanising the harvesting of trunk wood) and because no regeneration costs are incurred. However, other studies of real-life stands show that, depending on the revenue and cost situation, both types can perform equally well economically. A key prerequisite for such a comparison is the appropriate consideration of risk impact (Hanewinkel 2001 , Hanewinkel 2002 , Knoke and Seifert 2008 .
In the future, SorSim will be developed further to enable not only optimisation of dimensions but also value optimisation in the context of sorting individual trees. This means that rather than sorting the strongest assortments first (Section 2.1.1), SorSim will sort each tree in a manner that enables the highest possible revenue to be obtained from it. This improvement will provide forest practitioners with the opportunity to optimally allocate harvesting interventions to meet the various customer demands.
SorSim can also be an important sub-component of higher-level decision support systems (DSSs) designed to improve overall forest management planning (Borges et al. 2014 , Segura et al. 2014 ). If DSSs are intended to assess a forest economic development, models for quantifying timber harvesting costs and revenues are indispensable .
Conclusions
We have described a simulator programme for sorting individual trees and entire stands into marketable timber products. The SorSim assortment simulator can calculate the timber revenues of different tree species or entire stands. Sorting in SorSim can be easily adapted to the situation in other countries.
SorSim is suitable for forestry practice because it quickly and reliably gives specific ideas about potential assortment yields and revenues in a timber marketing context. The additional value of the software lies in its calculation of contribution margins (harvest net revenues) in actual forest stands by linking with the HeProMo harvesting productivity models (Frutig et al. 2009 ). Importantly, SorSim has the potential to support the planning of short-to long-term forest management in an economical manner.
As our second example shows, the simulator is also a valuable support tool for scientists. Calculations or experiments can be carried out to identify and discuss possible consequences of supposed assumptions. Sor-Sim offers the opportunity to reproduce historical decisions by assuming different assortment revenues and timber harvesting costs.
Overall, SorSim is a valuable tool for simulating and evaluating forest management strategies. It provides a quantitative basis that can be used to improve the economic performance of forest management. Value optimisation and optimisation to meet customer needs will be key goals in the future. The SorSim software and manual can be downloaded for free from
